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ABSTRACT 
The purpose of this work was to evaluate the physical and chemical properties of emission 
products from a 6-cylinder sedan car under a variety of operating conditions, before and after it 
has been converted to CNG fuel. The specific focus of the measurements was on emission levels 
and characteristics of ultra fine particles and the emission levels together with the emissions of 
gaseous pollutants for a range of operating conditions before and up to three months after the 
vehicle was converted, are presented and discussed in the paper. The investigations showed 
that converting a petrol operating vehicle to CNG has the potential of reducing some of the 
emissions and thus risks, while it does not appear to have an impact on others. In particular 
there was no statistically significant change in the emission of particles for the vehicle 
operating on petrol, before the conversion, compared to the emissions for the vehicle 
operating on CNG, after the conversion. There was a significant lowering of emissions of 
total PAHs and formaldehyde when the vehicle was operated on CNG, and a reduction of 
global warming potential (GWP) was also observed when the vehicle was run on CNG, but 
the later gain is only at high vehicle speeds/loads, and would thus have to be considered in 
view of traffic and transport models for the region (in these models vehicle speed is an 
important parameter). 
 
INTRODUCTION   
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The impact of motor vehicle emissions can be considered in terms of the health and 
environmental risks the pollutants cause when introduced into the air. The most critical 
combustion pollutants generated by motor vehicles are, from the health viewpoint particles, 
precursors of ozone and toxic compounds, and; from the environmental point of view 
substances contributing to global warming, causing acid rain or impairing visibility. Different 
pollutants cause different effects and could be associated with different risk factors. Thus, 
impact analyses of emissions resulting from a particular fuel or engine technology should 
take all types of risk into consideration and the ultimate aim should be the reduction of all the 
risk factors.     
 
One measure that has been considered to reduce pollutant emissions from motor vehicles is 
conversion of existing vehicles that operate on petrol to vehicles that can operate on either 
petrol or compressed natural gas (CNG). Emissions from CNG operating vehicles are in 
general assessed to be lower than emissions from petrol operating vehicles and thus as a 
result of the conversion the expected emission levels would be lower. The main factors that 
should be taken into account when considering the conversion are in the first instance the 
costs associated with the conversion and also the expected gains in terms of reduction of the 
emissions of all the pollutants that pose environmental or health risks. Important to remember 
is firstly, that the vehicles were designed to operate on petrol, and thus after the conversion 
their performance in broad terms may not be according to design specifications. And 
secondly, after conversion the vehicles could be operated either on petrol or on CNG, with 
potentially frequent changes of fuel. Thus, the effects of the conversion in general on 
pollutant emission levels and also the effect of frequent changes between the fuels used have 
to be assessed when considering a major vehicle conversion process.  
 
A short review of emission levels from vehicles operating on petrol, CNG and petrol 
converted to CNG is presented below.  
 
Emissions from spark ignition vehicles 
 
There is not a lot of information available on particle emission levels from gasoline spark 
ignition (SI) emissions and it is only recently that some information has been published about 
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the effects of vehicle and fuel type on particle size from SI engines (Ristovski et al 1998, 
Rickeard et al 1996, Greenwood et al 1996, Graskow et al 1998, Maricq et al 1999a, Maricq 
et al 1998b). Gasoline particulate matter is emitted at levels lower than a milligram per 
kilometre and because it is emitted at such low levels, it is difficult to measure it accurately. 
Total particle mass emissions from SI vehicles are significantly lower than diesel emissions, 
and are usually well below any emission standards (Zimbo et al 1995, Rickeard et al 1996, 
Greenwood et al 1996, Hammerle et al 1992). It has been noted however, that while particle 
emissions from individual SI vehicles are lower than individual emissions from diesel 
vehicles, the total contribution of both types of vehicles to air emissions could be similar, due 
to the exceedingly higher number of SI vehicles than diesel fuelled vehicles (Morawska et al 
1995). The low mass concentration of emissions from SI engines is related to a lower number 
concentration in the emissions, and also to the fact that the emitted particles are smaller than 
particles from diesel emissions (Hildemann 1991).  
There is, however, evidence from recent studies, that the number weighted emissions of SI 
engines at relatively high loads are comparable to those from diesel engines (Rickeard et al 
1996, Greenwood et al 1996, Maricq et al 1999a, b). High emission levels from SI engines 
were also observed during the so called “spikes” in the exhaust particle concentrations 
(Graskow et al 1998). The observed exhaust particle concentrations during these spikes 
increased by as much as two orders of magnitude over the baseline concentration and were up 
to 107 particles/cm 3. The particle “spikes” are formed through the homogeneous nucleation 
of gas phase heavy hydrocarbons. The source of these hydrocarbons is uncertain, though it is 
believed that they are associated with the occasional break-up of intake valve and combustion 
chamber deposits. 
Emissions from CNG fuelled vehicles 
 
Particles from CNG emissions are smaller than from diesel or even petrol emissions and the 
majority of them are in the range between 0.020 and 0.060 m (Ristovski et al 2000). Very 
little data is available on particle emissions from CNG fuelled SI engines. An isolated study 
in this area (Greenwood et al 1996) indicated that particle concentration levels emitted from 
CNG fuelled engines are similar to gasoline engines, and at high loads approach those of 
diesel engines. On the other hand, emissions of CO and NOx of 5.53 and 3.33 g.kW-1hr-1, 
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respectively, for one of the tested engines, were considerably lower than set by the standards. 
According to the specifications for gas emissions, provided by the US EPA (1997), this 
engine can be considered as a “low emission” engine.  
 
A number of studies investigated gaseous emissions from CNG engines. The studies, each of 
them having somewhat different objectives, are summarised below.    
 
Studies were conducted to assess the cost effectiveness of converting gasoline-operating 
vehicles to CNG compared with fixing high emitting gasoline vehicles (Guether et al 1996). 
Nine vehicles were investigated from an identified group of fairly old, high emitting vehicles, 
including light-duty pick up trucks, before and after repair. As a result of conversion the dual 
fuelled vehicle, achieved lower CO emissions when operating on CNG down from 3.5g/mile 
to 0.16 g/mile, increased hydrocarbon (HC) emissions from 0.14 to 1 g/mile and increased 
NOx emissions from 0.52 to 1.07 g/mile. The increase in NOx emission was similar to the 
increase experienced by other vehicles that displayed decreased CO emissions. Vehicles emit 
large amounts of CO because of incomplete combustion in their cylinders, which in turn 
results in a lower combustion temperature. As NOx emissions are positively correlated with 
temperature, better combustion results in higher temperature and thus higher NOx emissions. 
In the study reported, the CNG vehicle was retested 2.5 years after conversion and it was 
shown that when the vehicle operated on gasoline, CO emissions decreased from 3.5 to 2.5 
g/mile, while when operating on CNG, emissions increased from 0.16 to 2.7 g/mile. The 
conclusion from the study was that higher reduction of emissions was achieved by repairing 
high emitting gasoline vehicles, compared to converting low emission gasoline emitters to 
operate on CNG. 
 
A study examined emissions of 11 vehicles operating on CNG, natural gas, LPG, methanol, 
and reformulated gasoline (Gabele 1995). The purpose of the investigations was to assess the 
ozone forming potential of the emissions. The reactivity weighted emission rates (RWE) 
were calculated for each organic species and CO. Reactivity of the organic emissions is an 
important factor determining the potency of the ozone precursor emissions. Three CNG 
vehicles were tested, two Dodge Vans, and one Chevrolet Sierra. The range of emissions for 
all the vehicles tested varied. For non-methane organic gases (NMOG) the emissions were 
from 0.02 to 1.15 g/mil; for NOx from 0.10 to 1.62 g/mil; and for CO from 0.55 to 17.02 
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g/mil. For the three CNG operated vehicles the emissions were: 0.55, 1.46 and 5.95 g/mil for 
CO; 0.02, 0.60 and 0.06 g/mil for NMOG; and 0.19, 1.48, and 0.39 g/mil for NOx. From 
these values, it can be seen that there is large variation in emissions between the vehicles. 
One of the conclusions from the investigations was that the emissions are more a function of 
vehicle condition than of fuel type. Vehicles with properly operating engine and emission 
control systems consistently produce lower exhaust emissions than vehicles with 
malfunctioning or poorly tuned systems, regardless of fuel type used. Also, vehicles using the 
same fuels had a high range of emissions.  
 
Measurements conducted on 37 dedicated CNG Dodge B250 vans revealed that on average 
they showed notably lower regulated emissions than their gasoline counterparts (Kelly et al 
1996). They emitted lower levels of toxic constituents and they produced lower levels of 
ozone precursors. The average CO emissions were 1.99 and 3.76 g/mil (measured by two 
laboratories) with the range from 0.47 to 18.31 g/mil; CO2 averages were 563 and 500 g/mil 
with the range from 436 to 586 g/mil; NOx averages were 0.54 and 0.48 g/mil with the range 
from 0.07 to 1.55 g/mil; and NMHC (non-methane hydrocarbons) 0.1 and 0.06 g/mil, with 
the range from 0.02 to 0.18 g/mil. The averages for gasoline were: 5.83 and 3.76 g/mil for 
CO; 666 and 617 g/mil for CO2; 0.78 and 0.70 g/mil for NOx, and 0.29 and 0.26 g/mil for 
NMHC. Some of these CNG emissions are not that significantly lower than gasoline 
emissions. 
 
Emissions of CO, NOx and speciated organic compounds (with Carter MIR ozone potential) 
were measured for a range of vehicles using different fuels (Black et al 1998). The results 
show that ozone potential was reduced by more than 90% with CNG relative to reformulated 
gasoline and that toxic compound emissions (benzene, formaldehyde, acetaldehyde and 1,3-
butadiene) were lower for CNG than for gasoline. For the CNG operated caravan, exhaust 
NMOG emissions were 0.006 g/mil, CO emissions 0.124 to 0.320 g/mil, and NOx emissions 
were 0.019 g/mil. 
 
Emission measurements of six buses, three of them powered with diesel and three with 
natural gas have been reported (Clark et al 1999). The measured emissions included NOx, CO 
and total particle mass (PM). For the CNG buses PM emissions were below 0.1 g/mil, CO 
emissions averaged less than 0.3 g/mil and emissions of NOx averaged 11.2 g/mil. The 
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NMHC for the CNG vehicles was of low reactivity in ozone formation and was much less 
toxic than HC in diesel exhaust. It was found that small differences in driver aggression and 
the manner in which the vehicles are accelerated leads to large changes in emissions of CO 
and PM for diesel vehicles, and significant changes in emissions of NOx for CNG vehicles. 
 
Concentrations of individual exhaust hydrocarbon species were measured as a function of air 
fuel ratio in a 2-litre four-cylinder engine for natural gas and LPG (Kim et al 1999). It was 
shown that HC emissions from the LPG engine consisted primarily of propane (60%), 
ethylene and propylene and that ozone forming potential of LPG was higher than that of 
natural gas as well as emissions of NMHC, NOx, CO2 and CO.   
 
Summary of the findings from the literature on the trends and emission levels of CNG 
operating vehicles 
 
 There is almost no information available on particle number emissions from CNG engines, 
which is the most important parameter characterising ultra fine particle concentrations. 
The implication of this is, that the emission levels could be within the current emission 
standards, yet the concentrations of emitted ultra fine particles could be at levels 
constituting a health risk. From the literature data it appears that emission levels of ultra 
fine particles from CNG engines could be comparable even to diesel emissions and are 
comparable to gasoline emissions (Ristovski et al 2000).  
 
 From the studies reported it could be concluded that in general CNG engines result in 
lower emissions of toxic compounds, however for example, one study found formaldehyde 
emissions are comparable to emissions from gasoline engines. 
 
 All the studies conducted showed that CNG emissions have a low ozone forming 
potential. 
 
 The range of emissions, levels of individual pollutants from vehicles operating on CNG 
quoted in the literature were: CO from 0.1 to 12.2 g/km, NOx from 0.05 to 7.5 g/km (the 
last value is for buses) and CO2 from 290 to 390 g/km.  
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 There were very large variations in emission levels between individual vehicles 
encountered, sometimes of the orders of magnitude. 
 
 It has been shown that the condition of vehicles is an important determinant of the 
emission levels, often more important than fuel or engine type. Vehicles with properly 
operating engine and emission control systems consistently produce lower exhaust 
emissions than vehicles with malfunctioning or poorly tuned systems, regardless of fuel 
type used.  
 
The objective of this work 
 
The purpose of this project was to evaluate the physical and chemical properties of emission 
products from a Ford Falcon 4litre 6-cylinder SI engine before and after it has been converted to 
bi-fuel (CNG and petrol) under a variety of operating conditions. The specific focus of the 
measurements was on emission levels and characteristics of ultra fine particles. The objective of 
analyses of the experimental data was to identify, as far as possible given the project's 
constraints, the environmental issues that arise from using a vehicle converted to bi-fuel 
operation.  
  
EXPERIMENTAL MATERIALS AND METHODS 
Brief Description 
 
The design used for this project was a modification of a design used previously by the 
authors of this paper, for measurements of diesel and petrol exhaust emissions. A detailed 
description of the design has been presented elsewhere (Ristovski et al 1998, Morawska et al 
1998, Ristovski et al 2000).  
 
 A diagram showing the principle of the sampling system is presented in Figure 1. The 
vehicle exhaust is connected to the primary segment that includes the primary sample and 
measurement ports and also a restriction orifice. The primary sampling segment continues to 
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the extended exhaust, which is a tube of larger diameter. The purpose of the extended exhaust 
is to convey exhaust gases away from the work area without introducing backpressure. The 
sample flow is introduced to the dilution tunnel where it mixes with a constant flow rate of 
clean air, which is ambient air passed through HEPA filters.  
 
In the designed system, the volumetric flow rate was determined using magnehelic gauge 1 to 
measure the pressure difference across the restriction orifice in the primary sampling 
segment. The temperature of the exhaust tube was measured with thermocouple 1. The 
sampling port for gas analysis was located downstream of the restriction orifice in the 
primary sampling segment. The temperature and flow rate of the exhaust sample were 
measured with thermocouple 2 and magnehelic gauge 2 connected across the restriction 
orifice in the exhaust primary sampling segment. Clean air was supplied by pump 1 and 
filtered with HEPA filters. The mixture of the sample and clean air was passed via the 
dilution tunnel to the sampling port for the particle sizing instrument, the Scanning Mobility 
Particle Sizer, and collection on the filter and in a liquid impinger, for further chemical 
specifications of the emissions. The velocity and temperature of the diluted exhaust were 
measured with a TSI velocity meter. 
 
Particle Size Distribution Measurements 
 
The TSI Model 3934 Scanning Mobility Particle Sizer (SMPS), which is an instrument that 
measures the size distribution of a sampled aerosol, was used for these investigations. The 
SMPS operates within a window in the range 0.005 - 1 m, the window size depending on 
the value of the sample and sheath air flow rates that are selected. For these measurements, a 
window of 0.007 to 0.4 m was selected as the optimum to cover the number distribution 
spectra for most of the tests and most of the operation modes.  The SMPS consists of the 
3071A TSI Electrostatic Classifier and two different Condensation Particle Counters, 3010 or 
3022 depending on the availability of the instruments. Before entering the Electrostatic 
Classifier, the sample passes through an inertial impactor in order to remove larger particles. 
In the Electrostatic Classifier the sample passes through a charger that imparts a bi-polar 
equilibrium charge level to the particles. The aerosol charged in this way enters the tube of 
the Differential Mobility Analyser where a fraction of the particles is selected according to its 
 10 
 
electrical mobility by virtue of an applied voltage. The selected fraction of the particles is 
counted in the Condensation Particle Counter and expressed as particle concentration. 
Throughout the sampling process the voltage on the Electrostatic Classifier ramps. This 
corresponds to a continuous scan of electrical mobility and therefore particle size. The 
process of measurement is controlled with an interfacing computer, which does the necessary 
calculations, controls the Electrostatic Classifier and stores the data supplied by the 
Condensation Particle Counter. 
 
Gas Analysis 
 
Measurement of carbon dioxide, carbon monoxide, nitrogen oxide, nitrogen dioxide and 
unburned HCs were performed by sampling for the gas analysis from the sampling port of the 
primary sampling segment (see Figure 1). Measurements were performed with a Land 
Combustion gas analyzer model Lancom 6500A. The instrument was calibrated with a 
predefined gas mixture prior to each test.  
 
Chemical Specifications of the emissions 
 
Measurements for characterisation of chemical composition of the exhaust were done by 
sample collection on the filter and collection in a liquid impinger. As some of the organic 
compounds are bound to particulate matter, it was necessary to sample the particles on filters 
and then to analyse their organic composition. Volatile organic compounds (VOC) that were 
in the gas phase could not have been sampled by a filter method, hence an impinger had to be 
used. Depending on the specific VOCs that were targeted, different liquids were used in the 
impinger.  
 
A PM1 cyclone (50% cut off point of 1 m) was used in front of both the impinger and the 
filter. The impinger and the filter were used in parallel, not in-line. The role of the PM1 
cyclone was to prevent particles larger than 1m from reaching the filter or the impinger. As 
the majority of particle emissions from SI engines (independent of the fuel used) are in the 
submicrometer range, the cyclone prevented collection of any unwanted larger particles on 
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the filter. The impinger, on the other hand, collected mainly the gas phase as the collection 
efficiency of the impingers used decreases below 10% for particles smaller than 0.5 m. 
Filter samples were collected with a flow rate of 3 Lmin-1, while the flow rate through the 
impinger was 13.5 Lmin-1. These flow rates were chosen as the impinger has a critical orifice 
which sets a constant flow of 13.5 L.min-1 and the total flow rate through the cyclone had to 
be ~16.5 L.min-1, hence the flow rate through the filter had to be set to ~3 L.min-1.  
 
Formaldehyde and 16 polyaromatic hydrocarbons  (classified by the US EPA as priority 
PAHs) were quantified using QTM PAH Mix standards and GC/FID.  
 
Particle-bound organic compounds 
 
The particle-bound organic materials were collected on Teflon coated glass fiber filters for 
ten minutes at a flow rate of 3 L.min-1. All materials in contact with the filters such as the 
filter holders and the filter petri dishes were thoroughly pre-cleaned in an ultrasonic bath with 
dichloromethane, pentane and acetone. After collection, the filters were wrapped up to 
prevent photodegradation of the compounds, sealed in tedlar bags and refrigerated at 3-50C 
until analysed. 
 
Each filter was solvent extracted with ultrasonic agitation 3 X 1 hour times and the volume of 
the combined extract was reduced to 1mL by ultra high purity nitrogen or helium blow-down. 
Sample analyses were conducted using gas chromatography with flame ionisation detection 
(FID) and gas chromatography/mass spectrometry (GC/MS).  A Hewlett Packard HP 6890 
series GC/FID fitted with Restek 5MS (30mm x 0.32mm ID 0.25m) at an oven temperature 
of 2500C and split (20:1) mode was used for sample quantification relative to external PAH 
reference mix. Identification of the compounds was conducted by measurements of relative 
retention indices and gas chromatography/mass spectrometry (FISON 8000 series) using the 
NIST library.  The method limit of detection for individual PAHs was of the order of 0.0007 
g/mL to 0.0035 g/mL (equivalent to 0.28 to 1.4 g/km on the basis of a sampling volume 
of 135L.). The coefficient of variation was less than 5% for repeated injection of a standard 
and about 15% for the replicated samples. 
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Vapour-phase organic compounds 
 
Samples were collected directly into impingers containing 20mL of dichloromethane and 
operating at a flow rate of 13.5 L.min-1. Before the analyses, the volume of the solvent was 
reduced as described above and the samples were analysed by GC/FID and GC/MS. 
 
Formaldehyde 
Formaldehyde is highly reactive therefore a different method was used to collect samples for 
the analyses of the formaldehyde content of the vehicular emissions. Such samples were 
collected at a flow rate of 13.5 L.min-1 directly into the impingers containing 25 mL of 2,4-
dinitrophenylhyrazine (DNPH) in acetonitrile and analyzed using High Performance Liquid 
Chromatography (HPLC). The method limit of detection was 0.05 g/mL (equivalent to 0.65 
g/km for an sampling volume of 135L).  
 
MEASUREMENT PROCEDURE 
Vehicle Testing 
The tests were conducted on a chassis dynamometer with 0.5m twin rollers. A single car, 
Ford Falcon Futura (EL, 1999) initially petrol fuelled, was made available by Qfleet, the 
Queensland Government's vehicle fleet manger, for testing. The tested vehicle had a 4.0 litre 
SOHC (single over head cam) inline 6 cylinder engine capable of developing 157kW @ 4900 
rpm (compression Ratio - 9.3:1, multi point sequential fuel injection, distributor style 
electronically controlled ignition system), and was equipped with a three way catalyst closed 
loop control. 
 
The first test conducted on this vehicle was before the vehicle was converted to bi-fuel usage 
and with commercially available unleaded petrol used as fuel. Subsequent to the testing, the 
vehicle was converted to operate using both CNG and petrol (bi-fuelled). Three more tests 
were conducted over a period of about three months on the vehicle while the vehicle was 
operating on commercially available CNG. The last out of the three tests were conducted first 
using petrol as a fuel, as the vehicle was still bi-fuelled, and later during the day an additional 
test was conducted with CNG as a fuel. Table 1 summarises the dates, odometer readings and 
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fuels used in each test. Unfortunately we could not achieve exactly the same time spacing in 
between the tests (62, 49 and 52 days between the consecutive tests), but we believe that this 
did not have a significant influence on the emissions. During all 4 test days ambient 
conditions did not vary significantly. The temperature and relative humidity ranged between 
25-30°C and 50-65%, respectively 
 
Prior to each test the vehicles were given a standard pre testing conditioning. This 
preconditioning was conducted on the dynamometer with the sampling line mounted and 
consisted of: 10 minutes at 60 km/h, 5 minutes at 80 km/h, and 5 minutes at 120 km/h (at 
adequate loads). During the last measurement when the vehicle was tested on the same day 
with two types of fuel additional preconditioning in between the fuel change was conducted.  
 
Measurements of the exhaust volume and sampling for particles and chemical analysis were 
performed for the modes in the sequence shown in Table 2. The readings of the temperature 
of the exhaust, the temperature of the exhaust sample as well as readings from the 
magnehelic gauges, from which sample flow rates were calculated, commenced after the 
temperature for the mode stabilised and were averaged over the duration of the mode. The 
readings from the gas analyser (CO, CO2, NOx and HC) were taken continuously from the 
beginning to the end of each mode and were also averaged.  Three to five samples were taken 
for particle size distribution for each mode. 
 
Ten minute samples with the impinger filled with DNPH at a flow rate of 13.5 L.min-1 were 
conducted for each mode. Sampling on filters was at a flow rate of 3 L.min-1. Sampling time 
varied from 3-10 minutes.  
 
RESULTS 
Particle number emission characteristics 
Particle size distribution 
Figure 2 summarizes the values of particle count median diameter (CMD) for all tests and all 
modes, with the error bars representing one standard deviation around the mean value. The 
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count median diameter is a diameter for which half of the particles are smaller and half larger 
than this value. Inspection of Figure 2 reveals that the differences in CMD for various 
conditions and for the two different fuels were not substantial and that no apparent trends 
exist in the data presented. Particle CMDs were in the range from 30 to 60 nm, for both tested 
fuels. The value for CNG1 at Mode 2 of 87 nm was considered an outlier, as this size 
distribution was not observed in the consecutive tests with the same fuel. As there are no 
clear differences in the particle sizes for the two different fuels used, a conclusion could be 
derived that particle size distribution is more a characteristic of the tested engine than the 
type of fuel used. 
 
Particle number emissions per kilometer 
The summary of particle number emissions per kilometer traveled is presented in Figure 3, 
for the four measured road speeds. For the last mode (Mode 5) the vehicle was on idle, the 
speed was zero and thus no distance was traveled. Concentration levels of particles emitted 
by the vehicle on idle mode are presented in Table 3.  
 
The highest emission levels of particles were measured for Mode 4 at 120 km.h-1, for all five 
tests. For this speed all five tests showed similar results with a maximum for Petrol3 of 
2.111013 particles.km-1 and a minimum of 4.121012 particles.km-1 for CNG2. The smallest 
emission was achieved for CNG2 at Mode 3 of 7.03x108 particles.km-1. The significantly 
higher emissions at high loads/speeds compared to lower loads/speed were previously 
reported in the literature and are characteristic to SI engines in general.  
 
The particle emissions for the first three tests, Petrol1, CNG1 and CNG2 show similar levels 
and trends. The only mode where the CNG emissions were significantly lower was Mode 3 
(80km.h-1), and only for two tests (CNG1 and CNG2). For Modes 1 and 2 the tests for the 
petrol fuel before conversion (Petrol1) show lower, but comparable levels of emission to tests 
with CNG fuel. There is no statistically significant difference in the emission of particles 
between these three tests, which means that the vehicle did not change its emission 
characteristics in terms of particle number emission after it was converted to CNG. 
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The last two tests, CNG3 and Petrol 3, were conducted on the same day. These two tests 
show a significant difference both in the trends and levels of particle emissions. When the 
vehicle was delivered for testing the CNG tank was almost empty and the vehicle was refilled 
with petrol and driven for a distance of about 10 km. The particle emission levels and the 
trends displayed for Petrol3 test (vehicle converted to bi-fuel, but running on unleaded petrol) 
deviate from the previous emission levels and trends, in the sense that the particle number 
emissions for smaller loads were several orders of magnitude higher than for previous tests 
and no clear trend of the increase of particle number emissions with the increase of load was 
displayed. One conclusion could be that during the process of conversion from petrol to bi-
fuel CNG/Petrol the changes made to the engine affect the emissions of particles when the 
vehicle operates again on petrol. Similarly, significantly higher values and unusual trends in 
the emission of CO were displayed for the same last test.  
 
The last test, CNG3, was conducted after completion of Petrol3 test and driving the vehicle 
for about 10 km. In general this test showed higher levels, but not statistically different, than 
the previous two tests on CNG as a fuel. The biggest discrepancy was observed for mode 3 
(80 km.h-1) where the emission of particles was several orders of magnitude higher. No clear 
reasons for the increase in emissions can be provided.  
 
The effect of sampling conditions on particle characteristics 
 
To estimate whether there is an influence of the sampling and exhaust line on the formation 
and growth of particles, additional measurements were made with a newly designed, 
alternative sampling line. The new sampling line consisted of a stainless steel tube, cleaned 
prior to the measurements, of an inner diameter of 5 mm that was placed directly in the 
exhaust line as close as possible to the engine. Using a new and clean sampling line excluded 
any potential growth of the particles due to the evaporation of organic materials previously 
deposited on the walls of the sampling line.  
 
A micro dilution system with a variable dilution rate was used in between the sampling line 
and the SMPS and the measurements were conducted for both fuels. The obtained values for 
the particle number concentration and the trends displayed in concentration were very similar 
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to those obtained during the measurements with the regular sampling line. There was, 
however a difference detected in the size of the particles. When the new system was used the 
measured size of the particles was about 15nm and was significantly smaller compared to 40 
nm measured when using the regular sampling system. This decrease when using the new 
sampling line was expected as it employed higher dilution rates at which particle growth rates 
are decreased. Although smaller sizes of particles were observed with the new sampling line 
these measurements showed that the particle number concentration remained independent of 
the sampling and exhaust lines. This indicates that the formation of particles due to 
homogeneous nucleation of organic materials previously deposited on the walls of the 
sampling line, when they are heated to higher temperatures, does not occur.  
 
Gas Emission Measurements 
Experimental and calculated data on the relationship between engine speed/load and the 
emission levels of the five gases measured for all five tests are presented in Figure 4. 
Nitrogen Oxides (NOx) have been calculated as a sum of NO and NO2. The CO2 emissions 
are presented in percentages while emissions of all other gases are presented in parts per 
million (10 000 ppm = 1%). The results of NOx emission levels are presented only for the 
first three tests, as for the last test, CNG3 and Petrol3, the NOx gas analyser was 
malfunctioning and no NOx values for this test are available. 
 
Using the values of the exhaust flow rates measured the emissions of CO2, CO and NOx per 
kilometre were calculated and are provided in Table 4. It can be seen that the highest 
emissions of CO2 were measured for the first test, Petrol 1. These emissions were even higher 
than those measured later after the conversion when petrol was used as a fuel (Petrol3), 
although the emissions of particles were significantly higher for the second petrol test. The 
average value of CO2 emissions for the CNG tests was 361 g CO2/km which was lower than 
the average emissions for the petrol tests before conversion of 561 g CO2/km, but higher than 
the average emissions for the petrol tests after conversion of 310 g CO2/km.  
 
The last test (Petrol3) conducted for a petrol operating vehicle after conversion, showed high 
emissions of CO of up to 28 g.km-1 while all other tests showed significantly lower emissions 
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of CO, well below 1 g.km-1. The high emissions of CO for Petrol3 test correlate with 
significantly higher emission of particles for the same test compared to the other tests. 
 
The average emissions of NOx for the vehicle operating on CNG for all modes was 0.671 
g.km-1, which was lower than the average emissions for the vehicle running on petrol before 
the conversion, Petrol1 test, of 0.941 g.km-1. 
 
The gas emission levels reported here, were in the ranges of: CO2, 249 to 692 g.km-1; CO, 
0.05 to 28.4 g.km-1; NOx, 0.32 to 1.18 g.km-1 could be compared with the levels reported in 
the literature. These values compare well with the emission ranges available from the 
literature and reviewed above of: CO2, 290 to 390 g.km-1; CO, 0.1 to 12.2 g.km-1, NOx 0.05 
to 7.5 g.km-1.  
 
Another useful measure of the changes in emissions achieved as a result of CNG conversion 
is to calculate the Global Warming Potential (GWP) of the emitted gasses. The values 
presented in Table 5 (US EPA 1998) were used for the calculation of the total GWP 
normalised towards CO2, assuming the GWP of CO2 was 1. For example, as can be 
concluded from Table 5, over a 100-year time frame, nitrous oxide is 310 times more 
effective than carbon dioxide at trapping heat in the atmosphere. 
 
The major contributor to the GWP in the exhaust of the tested vehicle was NOx. The 
emissions of unburned HCs are significantly smaller than the emissions of NOx and are of the 
order of 10 ppm for all modes except for idle where the emissions are about ~100 ppm, and 
the concentration of NOx is of the order of several thousand ppm. Additionally, the GWP of 
nitrogen oxides is 310. Table 6 presents the calculated values for the GWP for the first three 
tests for each gas. The last two tests were not used, as data for NOx were not available. The 
3rd and 4th column present the GWP of the petrol emissions prior to conversion and the 
average GWP (4th column) for the first two tests on CNG. The average GWP, over all five 
modes, for the Petrol1 test is 101 while the average GWP for the CNG tests is 86. Comparing 
the GWPs of each mode it can be seen that the main difference between petrol and CNG fuels 
is for Mode 4, at 120 km.h-1, where the petrol vehicle had double the GWP of the CNG 
vehicles. The significant difference in the GWP is due to the significantly higher emission of 
NOx of the petrol vehicle and hence the significantly higher GWP. While on average the 
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CNG converted vehicle has shown a lower value of GWP than petrol prior to conversion, the 
results could be viewed from the point of view of speeds the vehicles travels in Australia. If 
the highest speed mode was excluded from the calculations as 120 km.h-1 is not allowed in 
Australia, the average GWP values for petrol and CNG emissions would be 88 and 89 
respectively. 
 
Characteristics of organic emissions 
GC/MS analysis, using the NIST library, showed that the compounds present in the exhaust 
emissions included paraffins, olefins, aromatics, PAHs, non-methane hydrocarbons as well as 
carbonyl compounds. The most frequently encountered compounds include: acetylene, 1-
butene, nonadecene, hexacosene, heptadecene, benzene, toluene, styrene, ethylbenzene, 
trimethylbenzenes, xylenes, fluorene, phenanthrene, anthracene, pyrene, naphthalene, indeno 
(1,2,3-cd)pyrene, diben(a,h)anthracene, n-decane, n-undecane, tetradecane, tridecane, 6-
methyloctadecane, formaldehyde and acetaldehyde. Table 7 presents the relationship between 
engine speed/load and the emission levels of total PAHs and formaldehyde measured during 
CNG and Petrol3 test. 
 
Interest in formaldehyde emissions derives from the health risk it poses and from its 
relatively high ozone forming potential (Carter 1994). It can be seen for Table 7 that the 
range of formaldehyde emission levels identified in these investigations was from 0.09 to 8 
mg/km. This range correlates well with the ranges reported in the literature for CNG and 
petrol-fuelled vehicles tested under similar conditions. For example, a range from 1.5 to 8.5 
mg/km has been reported (Gebele 1995); as well as a range from 3 to 7 mg/km (Kelly et al 
1996) and also about 9.2 mg/km (Siegl et al 1999). In addition, the results indicate that the 
car emitted far less formaldehyde in the CNG mode than in the petrol mode. This suggests 
that the use of CNG would, in terms of formaldehyde emissions be more environmentally 
friendly than petrol, in line with previous conclusions (Kelly et al 1996).  
 
On the other hand, interest in PAHs stems from their mutagenic and carcinogenic potential. 
The results presented in Table 7 show that the PAH emission levels of the car in CNG and 
petrol modes were relatively low and in the range from 0.06 to 6.3 mg/km. The range 
measured here correlates well with a previously reported (Maricq et al 1999a) range from 0.1 
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to 10 mg/km. Generally, the emission levels of PAHs were higher when the car was in the 
petrol mode than in the CNG mode. This finding corroborates the observations reported in 
the literature that CNG normally has much lower aromatic content than petrol (Gebele 1995) 
and that PAH emission factors in light-duty vehicles correlated well with PAH concentrations 
in gasoline ( Marr et al 1999).  
  
It is well known that PAHs emitted by vehicles can be absorbed onto exhaust particles or 
remain in the vapour phase. The latter can be trapped into impingers (cf Schuetzle 1983) 
while the former can be collected on filters (cf Collier et al 1998, and references therein). 
Since light PAHs tend to be in the vapour phase while heavy PAHs are in the particulate 
phase (Collier et al 1998), the fact that the PAH levels were generally higher in the samples 
collected into impingers suggests that both CNG and petrol contained more light PAHs than 
heavy ones. In keeping with this, the most commonly encountered PAHs in this study were 
fluorene, phenanthrene, anthracene and pyrene, which according to the authors (Collier et al 
1998), will be found mostly in the vapour phase. 
 
SUMMARY AND CONCLUSIONS 
 
A series of five tests was conducted on an originally petrol operated only, Ford Falcon Futura 
(EL), that was converted to operate either on unleaded petrol or on CNG. The first test was 
conducted on the vehicle running on unleaded petrol, prior to conversion. After the 
conversion, the vehicle was running only on CNG two more tests were conducted over a 
period of about two months. The last two tests were conducted on the same day, about three 
months after the vehicle was converted. The first of the two tests was for the vehicle 
operating on petrol, and the second, for the vehicle operating on CNG.  
 
The emission concentrations measured during the tests included: number of particles in the 
submicrometer size range, CO, CO2, NO, NO2 and HC. During the last series of tests, 
emissions of formaldehyde and total polycyclic aromatic hydrocarbons (PAH) were also 
measured. 
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Data analysis included calculation of pollutant emissions per kilometre travelled, as well as 
calculation of particle mass emissions based on the assumption made about particle density. 
The following conclusions can be drawn from the results obtained from the measurements: 
 
 There was no statistically significant change in the emission of particles for the vehicle 
operating on petrol, before the conversion, compared to the emissions for the vehicle 
operating on CNG, after the conversion. The ranges of particle number emissions for all 
the modes were: for petrol from 7.58E+09 to 2.11E+13, and for CNG from 7.03E+08 to 
1.64E+13 particles.km-1 
 
 The measured ranges of inorganic gas emissions were: CO2, 249 to 692 g.km-1; CO, 0.5 to 
1.8 g.km-1; NOx, 3.2 to 11.8 g.km-1. These values compare well with the emission ranges 
available from the literature of: CO2, 290 to 390 g.km-1; CO, 0.1 to 12.2 g.km-1, NOx 0.05 
to 7.5 g.km-1. 
 
 CNG tests showed a decrease in the emission of NOx compared to the unconverted petrol 
test. The average emission for the first two CNG tests for all modes was 5.6 mg/km 
compared to 8.3 g/km for the unconverted petrol test. This decrease in the average 
emissions of NOx (average for all the modes) led to a smaller value of the average Global 
Warming Potential (GWP) for CNG tests of 86 compared to 101 for unconverted petrol 
test. If, however, the mode at the speed of 120 km/h was excluded from the calculation of 
the average as this speed is not allowed in Australia, the respective values for GWP for 
CNG and petrol would be 89 and 88, indicating a very similar effect on global warming by 
both fuel operating scenarios. 
 
 Significant increases in particle number and mass emissions as well as CO were displayed 
when the vehicle was run again on petrol after operating on CNG for some time. The 
increase in the emissions was highest for the modes with lower speeds.  This could be the 
consequence of the changes made to the engine during the conversion to CNG pointing to 
extremely high overfuelling. Unfortunately as only one vehicle was measured we cannot 
draw any conclusions as to the frequency of such an effect on a larger CNG fleet.  
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 Some increase in particle and CO emission was displayed, after the petrol test, when the 
vehicle was refuelled and was operated again on CNG. This increase was measured for the 
modes of higher speeds of 80 km/h and 120 km/h.  
 
 Emissions of total PAHs and formaldehyde were significantly lower when the vehicle 
operated on CNG than on petrol. These findings are in agreement with the results reported 
in the literature. They also indicate that from the point of view of organic emissions and 
the related health risk, there is a benefit of using CNG instead of petrol as a fuel.  
 
The impact of motor vehicle emissions should be considered in terms of health and 
environmental risks the pollutants cause when introduced to the air. The investigations 
conducted showed that converting a petrol operated vehicle to CNG has the potential of 
reducing some of these risks, while it does not appear to have an impact on other risks. In 
particular: 
 
No impact on risk reduction 
 
 From the tests conducted, it does not appear that there is an advantage in converting 
vehicles from petrol to CNG in terms of particle number emissions as the emission levels 
before and after the conversion remain similar. Number of particles emitted is an 
important parameter as it is the best indicator of particle emissions in the ultra fine range 
(< 0.1 m). Findings of epidemiological studies have identified exposure to fine particles 
as a significant contributor to the health risk associated with air pollution, more so than 
exposure to the gaseous pollutants. The location where particles are deposited in the 
respiratory tract is determined by their size, with smaller particles penetrating deeper into 
the lungs than larger particles and therefore having a higher potential to induce health 
effects.  
 
 However, it seems once the vehicle was converted there was a significant increase in 
particle number emissions when the vehicle operated interchangeably on one or the other 
fuel. The recommendation thus is that once the conversion to CNG takes place, running 
the vehicle on either of the fuels interchangeably should be avoided. 
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Potential impact on risk reduction 
 From the results obtained it does appear that there is an advantage in converting vehicles 
from petrol to CNG as it results in significant lowering of emissions of total PAHs and 
formaldehyde. The presence of formaldehyde in the air is undesirable as it increases health 
risk and has a relatively high ozone forming potential. PAHs have known mutagenic and 
carcinogenic properties. 
 
 There is a potential gain of the conversion in terms of reduction of global warming 
potential (GWP), but the gain is only at high vehicle speeds/loads, and would thus have to 
be considered in view of traffic and transport models for the region (in these models 
vehicle speed is an important parameter). 
 
 
It should be stressed that while all the tests were conducted with strict scientific and technical 
rigour, since only one vehicle was tested, it is possible that there could be differences 
encountered if a larger number of vehicles were tested. Literature data showed large 
variations of emission levels measured even for vehicles that appeared to be identical. Since 
the decision on conversion or not conversion of a fleet of vehicles to CNG is an important 
one, before the decision is taken, extended testing on a larger number of vehicles of different 
brands should be conducted.  
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Table 1. Specifications of the tests 
Test Code Fuel Date Odometer 
readings [km]
Petrol 1 Unleaded Petrol, before conversion 19/3/99 29,864 
CNG 1 CNG after conversion 20/5/99 33,580 
CNG 2 CNG after conversion 08/7/99 36,189 
CNG 3 CNG after conversion 30/8/99 40,653 
Petrol 3 Unleaded petrol after conversion 30/8/99 40,541 
 
Table 2. Definition of modes 
Mode Mode Description Dynamometer Load 
[kW] 
Dynamometer Speed 
[km.h-1] 
1 Steady mode at road 
load 
6.5 40 
2 Steady mode at road 
load 
9.5 60 
3 Steady mode at road 
load 
12.5 80 
4 Steady mode at road 
load 
18.8 120 
5 Idle mode in Neutral 0 0 
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Table 3. Particle number concentrations at idle 
Test Particle Number 
 Concentration [cm-3] 
Petrol 1 3.27E+03 
CNG 1 1.57E+04 
CNG 2 1.03E+04 
CNG 3 1.25E+04 
Petrol 3 4.95E+06 
 
Table 4. Exhaust gas emissions per kilometre 
           
  Petrol 1 CNG1 CNG2 
           
Mode Speed CO2 CO NOx CO2 CO NOx CO2 CO NOx 
No. (km.h-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) 
1 40 692.1 0.666 3.183 453 0.501 5.745 381 0.836 4.739 
2 60 519.1 0.000 9.995 389 0.850 6.574 337 0.721 6.147 
3 80 523.1 0.000 9.959 328 0.811 6.868 306 0.661 6.161 
4 120 507.9 0.000 10.239 390 1.404 3.547 353 0.984 5.010 
           
           
  CNG3 Petrol3    
           
Mod
e 
Speed CO2 CO NOx CO2 CO NOx    
No. (km.h-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1) (g.km-1)    
1 40 461 2.515 - 391 284.5 -    
2 60 362 1.788 - 294 195.7 -    
3 80 342 1.424 - 306 193.2 -    
4 120 350 1.888 - 249 205.5 -    
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Table 5. Global Warming Potential for lower-emitting greenhouse gases (US EPA 1998). 
Gas GWP Gas GWP 
Carbon Dioxide   1 Methane  21  
Nitrous Oxide   310 HFC-23  11,700  
HFC-125   2,800 HFC-134a  1,300  
HFC-143a  3,800 HFC-152a  140  
HFC-227ea  2,900 HFC-43-10mme  1,300  
CH4  6,500 C2F6  9,200  
CF4 7,000 C6F14  7,400  
PFCs/PFPEs   7,400 SF6  23,900  
 
Table 6. Calculated Global Warming Potential (GWP) of the gases emitted by the tested 
vehicle. 
Mode Speed GWP  GWP Petrol  GWP CNG 2  GWP CNG 1  
 Km.h-1 Petrol CNG CO2 NOx HC CO2 NOx HC CO2 NOx HC 
1 40 47.0 86.9 15.2 31.87 0.00 11.6 74.2 0.061 11.6 76.2 0.123 
2 60 147.1 118.8 14.2 132.9 0.00 11.9 111 0.059 11.9 103.1 0.137 
3 80 139.2 135.4 13.1 126.1 0.00 11.8 123 0.04 11.8 123.9 0.126 
4 120 152.9 75.7 14.0 138.9 0.00 11.4 78.2 0.032 11.4 50.2 0.092 
5 0 17.1 14.7 15.1 1.76 0.25 13.7 0.71 0.242 13.7 0.68 0.326 
Average 101 86 14 86 0.05 12 77 0.09 12 71 0.16 
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 Table 7.Total PAHs and formaldehyde emissions per kilometre. 
Petrol3 Test  
Date of Test: 30/8/99 
Mode No. Road Speed 
(km.h-1) 
TOTAL PAH CONTENT Formaldehyd
e 
(mg.km-1) 
  ON FILTERS
(mg.km-1)  
IN IMPINGERS 
(mg.km-1) 
  
1 40 0.06 2.52 7.98 
2 60 0.03 1.10 0.33 
3 80 0.12 2.09 2.02 
4 120 5.29 6.28 2.34 
CNG3 Test 
Date of Test: 30/8/1999 
Mode No. Road Speed 
(km.h-1) 
TOTAL PAH CONTENT  Formaldehyde
(mg.km-1) 
  ON FILTERS 
(mg.km-1) 
IN IMPINGERS 
(mg.km-1) 
 
1 40 0.08 0.32 0.25 
2 60 0.06 0.61   
3 80 0.09 0.40 0.09 
4 120 0.27 0.31   
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Figure 1. Exhaust sampling and dilution system that was built and used in measurements. 
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Figure 2. Dependence of particle count median diameter (CMD) on vehicle the load/speed. 
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Figure 3. Particle number emissions per kilometre. 
 32 
 
 
1 2 3 4 5
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
40 6
0 80 12
0
0
 Petrol 1
 CNG 1
 CNG 2
 CNG 3
 Petrol 3
C
O
2 [
%
]
Mode
 
 
 
 
 
 
 
 
 
Figure 4. Relationship between engine speed/load and the emission levels of CO, CO2, NOx 
and HCs for all five tests. 
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